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SOLVENT EFFECTS UPON ELECTROCHEMICAL KINETICS_““&NTEUENC!S'OF
INTERFACIAL SOLVATION AND SOLVENT RELAXATION DYNAMICS

Michael J. Weaver
Department of Chemistry, Purdue University
West Lafayerte, Indiana 47907, U.S.A.

Some likely influences of the solvent medium upon the
kinetics of simple electrochemical reesctions are described, and
illustrated with recent results from the author's lzboratory.

Introduction

The solvent has long been known to exert profound influences
on the kinetics of electron-transfer reactions at electrode sur-
faces as well as in homogeneous solution. Nevertheless, our
understanding of such solvent effects has remazined demonstrably
inadequate. This is undoubtedly due in large part to the fre-
quency manifold origins of the effects observed upon variation
of the solvent medium, arising in part from zlterations in the
cremical nature of the reactant as well as from longer-range
‘reactant-solvent interactions.

A valuable class of model systems is provided by one-
‘electron couples involving substitutionally inert inorganic and
orgzanometallic complexes. Important virtues of these systems
include the opportunity to hold constant the free-~energy barrier
associated with metal-ligand vibrations ("inner-shell" barrier)
as the solvent is altered, zlong with the ability to vary the . -
nature of the reactant-solvent interactions by means of altera-
tions in the ligand structure as well as the solvent.

’ > T A

The -preg 3 peper is intended 2s & summary of
soze recent research {p our laboratory zimed at gaining a funda-
mentel understending of solvent effects in electrochemicel

rinetics. Besides examining the effects of altering the bulk
scivent, experiments are zlsc describec where the influence of
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™= the <rterfacicl solvent structure in aqueous mediz is probed
through verietions in the hvdrophilicty of the metal surface.
Particularly since some of this recent experimentzl a2ctivity has
been associated closely with concurrent theoreticezl development,
it is useful(Zt the outé‘?ﬁto provide a brief summary of the
underlying kinetic formulations. fi?”

I. Fundéhéntal Ratévfxpfessions

The observed rate constant for outer-sphere electron transfer,
kops can be related to the corresponding activation free energy

- for the elementary electron-transfer step, 4G*, by (1)
o -
F kob vanx 11" exp(-AG*/RT) Eq. 1

where Kp (em) is the effective equilibrium constant for forming
:he "precursor state'” in the double layer from the bulk reactent,
(sec™) is the nuclear frequency factor, xg; is the electrom-
unnellng probability in the tramsition state, and T, is the
nuclear-tunneling factor. (The last term is close to unity for
most reactions.) This relation is based on an "encounter
preequilibrium" formulation of the preexponential factor, rather
than the more conventionel collisional model. The fundzmental
correctness of the foimer for electrochemical processes has been .
emphesised (1). It envisages electron transfer taking place via
unimolecular activation of reactant in sufficiently close
proximity to the electrode surface so that the electron-tunneling
probability, o), is suitably large. Since kgj decreases o]
sharply as the reactant-electrode distance increases, the . ~—t
inevitable integral of reaction sites will contein dominant s
contributions from those involving close approach of the reactant
to the metal surface (2). For so-cezlied "nonadizbztic pathways"
Kel << 1 even at the plane of closest approcach, whereas for
Madiabatic pathways" kg3 ~ 1 under these conditions. By analogy
with homogeneous electron-transfer processes, heterogeneous
outer-sphere pathways can be regarded as those where the reactant
does not penetrate the inner layer ('"coordination layer") of i
solvent molecules immediately adjacent to the metzl surface. b
However, as discussed below the kinetics ¢f such reactions may

nonetheless be influenced significantly by the interfac1a1 ’
solvent environment. .

The nature of solvent medium cen yield important influences
on severzl of these terms. These will now be considered in turn.

(i) Precurscr syagzLo:y ecr.etenis, ¥_. This quantity can be
-

expressed for electrochemical reactions a$ T
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K =X exp(~w /RT Eq. 2
P ° p( P ) q

where w,. is the work of traasporting the reactent from the bulk
solution to the predominant reaction site, 2nd K  (cm) is a
statistical term. The latter is numerically equal to the
effective "reaction zone thickness", within which the reactant
needs to be located in order to contribute importantly to thé

overall reaction rate (2). For nonadisbatic or weakly adiabatic
reactions, K, ~ 0.5 to 2 2 (2).

For bona fide outef-spheré reactions, it is convenient to
express Eq. 1 instead in terms of the conventional “double-layer
corrected' rate constant, k

corr’

. -
kcorr Kovnkelrn exp( Accorr/RI) Eq. 3

where AGEorr is a work-corrected free energy of activation. Both
Keory @R4 5GE, p 2te the quantities that would be observed in the
absence of couiombic double-layer effects; k..., is related to ..
ko, on the basis of the simple Frumkin model by (3)

lnk = lnk
°

corr p+ (2 - o, )6 F/RT  Eq. 4

corr’ 'r

vhere Z, is the charge number of the oxidized form of the redox
couple, 6. py is the work-corrected cathodic transfer coefficient,
and ¢, is the average potential at the reaction site with respect
to the bulk solution. Equation 4 can be related to Eqs. 1 - 3
if it is assumed that w_ = ZF$_ and AG* = AG* +a Fo_.
P r corr corr 'r .

Besides the niceties of discreteness-of-charge effects,
additional contributions to w, might be envisaged if the
-solvating environment in the vicinity of the reaction site in the
double layer differs from that in the bulk solution. Such a2
“specific” work term contribution will occur if the reactant is
‘partly desolvated in the transition state. This is considered
briefly in Section 1I. This circumstance mey apply even for
outer-sphere reactions at interfaces where the local solvent

structure is strongly perturbed by the metal surface (Section
111). ' .

(i1) Eleetron Twweling Prebability, x,;. Although the
probability of electron tunneling for outer-sphere systems is
anticipated to be relatively insensitive to the intervening
mediuz (4), the nature of the solvent may affect x,y through its
influence upon the reactant-electrode distance, x. This is
because the reactant in the outer-sphere transition state is
expecieé to be separated froem the metal surizce by 2 laver of




constant, k$ r» (i.e., that measured at E¢) can be related to
_8G*(int) by lc-f. Eq. 3): N
8 = - * i .
corr Ko n elr exp[-AG (int)/RT] Eq. 5a . 4
where AG*(int) = AG:s(int) + AG;s(int) Eq. 5b

.........

............

solvent melecules. Therefore the size of the solvent molecules,
together with their ability to solvate the reacting species,
should influence x 2nd hence Ke1®

(iii) Nuclear Frequency Factor, v,. This quantity denotes
the effective frequency with which the reacting system surmounts
the free-energy barrier. The magnitude of v_ will be determined
both by the characteristic inner-shell (reactant vibration) and -
outer-shell (solvent polarizaztion) frequencies, Vi and vgg
respectively, appropriately weighted according to the correspond-
ing inner- :and outer-shell components of AGE,,ys 8G%g, 4G}
respectively When AG{s +~ 0, v, , whereas when AG%_ 7 AG
Vg (). The solvent dynamics sﬁould therefore inifuence
the preexponentlal factor for reactions where the inner-shell’
barrier is small. This question is considered in Section 111.

(iv) Free-energy barrier, AG*. The influence of the
surrounding solvent, as well as other environmental influences
upon AGE . ,»is conventionally divided into so-called “intrinsic"
and "t hermodynamic (or "extrinsic'") contributions (5,6). The
latter is identified with the solvent influence upon the standard
(or "formzl") potential E¢ of the redox couple, and hence upon
the thermodynamic driving force at 2 given electrode potential E,
whereas the latter is associated with the solvent contribution
to the free-energy barrier when the driving force is zero, i.e.,
wnen E = E¢. For electrochemical reactions involving multi-
electron transfer and/or coupled chemical steps, these contribu-
tions cannot be separated entirely since £f for the required -
rate-deternmining electron-transfer step (as cpposed to the
overall reaction) will be unknown.

We shall consider here the influence of the solvent upon the
intrinsic barrier, AG*{int). The work-corrected standard rate

The inner-shell contribution to AG*(int), AG* (inc) will remain N
essentially constant in different solvents providing that the -
coordination sphere remains unchanged. The solvent contribution
to 4G*(int), Acgs(int), for electrochemical reactions can be
estimated on the basis of the conventionel cdielectric continuum
treatment from (7)

2 1 -

: e 1 1.1 1
863 (ime) = 5= (T - R E— - Eq. 6
op s
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L vhere e is the electronic charge, a is the reactant racdius, R is

" twice the reactent-electrode distance, &nd ¢ ené ¢g ere the

~ optical and static dielectric constants, respectively (7). While
the quantitative, or even qualitative, validity of the dielectric
continuum treatment has been questioned (8), it has proved
relatively successful in predicting the energetics of photo-
induced electron transfer in homogeneous intrzmoleculzr systems,
for vwhich the barrier height can be extracted directly from
spectral data (9). The approximate success of Eq. 6 is probably
associated with the dominance of the e, term, since typically
€op << €g. Thus although the "static" component of the barrier
(tge €g term) is liable to be seriously in error for many systems
as a consequence of dielectric saturation, etc., the "optical”
component (associated with €,,) is anticipated to be relatively

. "insensitive to the local solvent structure. The errors in the
"static" component in Eq. 6 have been estimated to be no greater

- than 1 - 1.5 kcal mol™ even for systems displsying strong

- specific ligand-solvent interactions (10). These and related

considerations suggest that Eq. 6 tends to underestimste AG*({int)

4 (10); on the other hand, deviations in the opposite directid

ii are suggested from a molecular dynamics solvent model (11).

= In the following sections, some recent experimental data
- gathered in our lzboratory that provide illustrztive examples
. of these solvent effects will be presented. TFor brevity,

experimental and relazted details are omitted; these can be found
i in the articles cited.

11. Interfacial Solvation Effects - Variation of Solvent

Severzl sets of measurements will be described that provide
evidence for the influence of interfacial solvation to the
electrode kinetics of simple inorganic redox couples. The first
involve the comparison between the solvent dependence of standard
rate constants, kgorrv for Ru(NH3)63+/2+ and Co(en)33+/2+ (en =
ethylenediamine) at mercury electrodes with the corresponding
‘values, kga , calculated from theoretical models on the basis
of Eq. 5. Details of the latter calculations are given in refs.
12 2nd 13. Values of 56} (int) were obtained from vibrational
and bond length data (l3§, the solvent-dependent 4G%(int) values
were obtained from Eq. 6 with a = 3.5 X, R=14 8 in water, and
R = 17 A in nonaqueous mediz (12). The valuve of v, is equated .o
with v, (vide infra), 1 x 1013 sec™! for both couples-(lg)}2+ —
K, is tiken as 0.6 &, Ty equals 1.05 and 3.0 for Ru(NH3)g " ,
aad Co(en)33+/2+ in verious sclvents, tzken from refs. 6, 12, 14,
and 15, are listed in Taeble I. VWhereas sma2ll increases in k§;j. S
are predicredé upon substituticn of aqueocus by _ncrnaqueous ]
(particularly aprotic) media, large (up to 10° foid) decreases

aaedd
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TABLE 1 501venc_pe7526ence of Stendard Rate Censtents for

N Ru(NH.) >~ end Co(en),3*/2% (en = ethylenedizmine) at

I ‘ .Mercury Electrodes °

S Redox Couple Solvent® Acorr b kiorrc kialcd DK®

= cn sec™! . cp sec-l cm sec—l

i Cromy) ST mo 5x10° 2.0 2.5 218

' PC a3 5 15.1

| D 25 0.25 10 26.6

I - I 7 pmso | 2.5x10°  sx1002 15 29.8

Cotem) /2 w0 0.7 2.5x07%  3x107% a8

3 | F 8x10° 1.5x107°  7x107%  a24

NMF 2x10° 6x1074  7x107t 2
PC 31074 7x107* 152

d w20 1.5x07° sx1070 14
DMF 2.5x:10°  1x107°  1.2x107  26.6
DMSO . 1x107 1x107°  2x1070 20.8

aI"C = propylene carbonate, DMF = N,N-dimethylformamide, DIiSO =
‘diwethylsulfoxide, F = formamide, NMF = N-methylformamide, AN =
acetonitrile :

bDouble-layer corrected preexponentizl factor, obtained from

intercept of Arrhenius plot of 1nk§orr versus (1/T) (see text).

-

CDouble layer-corrected standard rate constant, obtained from
_ observed rate constant (measured using either a.c¢. or normal
i[ . pulse polarography), by using Eq. 4.

dCalculated standard rate constant, obtained as described in
text.

€solvent "donor nucber", from ref. 16.

]
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ia ksorr are obtained instead. This marked solvent dependence
of k%czr for Co(en)3” has previously been zscribed tentativel
to increases in AGgs(int) associated with specific ligand-solvent
interactions, perheps with accompanying decreases in k. (6).
This explanation is consistem with the observation that k3
g decrezses with increasing ligand-solvent interactioms as
monitored by the solvent donor number (Table I) (6,7).
- R However, several pieces of additional information suggest
that the substantial solvent dependences of k%, ., for both
X Co(en)33+/2+ and Ru(NH)s%?[zf are due primarily to variztioms in
K, associated with differences in reactant solvation in the bulk
and interfacial enviromments. In particular, we have found that
| oo —_ sufficiently high two-dimensional concentrations (ca 1-5 x 10734
'l. mol cm~2) of Co(en)33+, Co(NH3)63+ and certain other ammine
’ complexes can be induced via electrostatic attraction at the
silver-zqueous interface containing adsorbed chloride or
bromide anions so to enable their reduction kinetics to be
monitored directly in the precursor state at the outer Helmholtz
. plane by means of rapid linear sweep voltammetry (18). (Indeed,
‘i such diffuse~-layer cations also exhibit detectable surface-
enhanced Raman spectra (19).) These measurements enable
wnimolecular rate constents for the elementary electron-transfer
step, kg., to be evaluated. (This is directly analogous to the
measurement of k_. for outer-sphere cation-anion pairs in
homogeneous solution (20).) After a correction for electrostatic
‘double-layer effects, comparison of the resulting k., values with
kcérr for the same reaction obtained at the mercury-aqueous
interface at the same electrode potential enables K, for the
latter to be estimated since (1)

i keorr = KoKer Eq. 7

‘The resulting estimates of K, for Co(en)33+/2+ and Co(NH3)63+,
ca 200 and 10 3, respectively, are markedly larger than the value
of 0.6 2, anticipated for weakly adiabatic processes (1,13),
‘that was assumed vwhen deriving the k... values in Table I. A
similarly large estimate of K,, ca 5 g, has been obtained for
reduction of Cr(III) ammines at the mercury-aqueous interface by
using a related procedure whereby k.oyy for the outer-sphere
reaction is compared with k., for a structurally related inner-
sphere reaction (21). The same procedure yields a substantially

- smaller reaction zone thickness, ca 0.1 - 0.3 X, for Cr(Ill)
aquo reductions (21).

These results suggest that unexpectedly high concentrations
of ethylenedizmine and ammine reactants are present at mercury-
aqueous interfaces, most likely associated with differences in .
the outer-shell sclvation of the rezcrtaznt in the bulk and B




interfeciel environments, znd possibly to partiel reactant desol-
vation &t the electrode surfzce. This is consistent with the
datas in Table 1 in that such surface environmentzl effects are
less likely in nonagqueous solvents having high donor numbers

than in aqueous media. Therefore '"normzl" outer-sphere pethways,
associated with smaller values of K, and hence kcorr’ are
expected in the former solvents. The generzl observation that

kS in aprotic mediz (Tzble 1) may-be due to several

corr
factors, inciudlng the occurence of nonadiabztic pathways (i.e.,

Key < 1) as well as to outer-shell barriers that are larger than
estimated using the dielectric continuum model.

ARG e

. . . ety
}
‘"
"

Of interest in thii regard are the experimentel frequency
. : : factors, A.ory (cm_sec_~), also listed in Table I. These were
obtzined from the temperature dependence of kcorr by using

lnA = 1ok - (/T [dlnk _ /d(1/T)]  Eq. 8

To a first approximation A.,,, can be identified with the
combined preexponential factor in Eq. 5, KoVpKeyTn» Provided
that these terms zre temperature independent :or the present
systems, it is expected that A.,. . - 10 4-10° cm sec~l. The
abnormelly small value of A , 0.7 cm sec-1, for Co(en) 3+/2+
in water (Table I) is further evidence of the deviation of this
reaction from a "normal" outer-sphere pathwzy. §h7 much larger
Acory values (10°5-107 cm sec™d) seen for Co(en), 2+ 4n non-
aqueous medie (Table 1) are closer te the theoretlcal expecta~-
tions and indicate that the correspondiugly smazller values of
k2 ., are unlikely to be due to decreases in Key®

- I1I. Interfacial Solvation Effects - Alteration of Electrode
Material

As noted above, in principle an interesting way of varying "
the interfacial solvent environment while maintaining other
factors, including bulk solvation, constant is to alter the
chemical nature of the metal surface (22). iven the complex
hydrogen-bonded nature of liquid water, marked changes in its
structure are anticipated even over sever2l molecular layers
near surfaces known to interact specifically with water (i.e.,
"hydrophilic surfaces') (23). It is therefore of interest to
examine outer-sphere rete data at surfaces of differing hydro- .
philicity. One difficulty with interpreting rate constants as 4
2z function of the electrode materiazl is the uncertainties in
the electrostatic double-layer corrections, especially at poly-
crystalline solid surfaces and in the presence of extensive
specific adsorption of the supporting electreclvte. The results
of some recent experiments cecigned to minizize these

“




difficulties (24) will now be briefly described.

Table II contzins representative electrochezicel rate date
for the irreversible reductien of four .Cr(II1) complexes at five
metal surfaces in contact with zqueous sclution. These reactions
ere &ll irreversible; a common potentizl of -1000 mV vs. Lo
szturated calomel electrode (s.c.e.) was chosen to facilitate
intercomparison of the data. This potentiel is sufficiently
negzative so to essentially eliminate specific anion adsorption
with the perchlorate or hexafluorophosphate electrolytes ' 1
employed. The five metal surfaces; liquid mercury and gallium, L]
lead, and underpotential deposited (upd) monoleyvers of lead -

- and thallium at silver, all provide relatively well-defined ]
- - - electrodes yet with significant anticipated differences in their -
' "~ hydrophilicicy {25). .

‘The observed rate constants for each reaction in Tzble II
vary substantially as the electrode material is zltered. Part of
these variations are undoubtedly due to eiectrostatic double~

layer effects since the metals yielding smaller k,; values also -
exhibit the most negative potentials of zero charge (p.z.c.) ]
where ¢, will be the least negative [Eq. 4). However, the
corresponding k vzlues listed in Table II, cbtained by

applying Eq. 4 %325 2lso exhibit similar dependencies on the me-
tal substrate asfor the aquo reactants. This correction vields

roughly substrate-independent values of k..., for Cr(Nj 63 —
reduction. Support for the validity of these double-layer .
corrections is provided by the similar substrate dependeacies ]
of k.o, for 3ll three aquo complexes, even though the o Sy

correctlons zre smaller for the fluoro znd especizlly the sulfato

complex on account of their smaller net cationic charge (26).
The relative magnitudes of k for each complex zre also — e

.- virtually independent of the eiectrode potential since the work- o
corrected transfer coefficients, Goorp® 2Te also almost '
independent of the metal surface. Comparzble results have also
been observed for several other reactions involving aquo and
ammine complexes (24).

Significantly, the observed dependence of k.,,, for the aquo
complexes on the metal surface, Hg > upd Po ~ upd Tl 2 Pb > Ga
is consistent with the anticipated differences in their hydro-
philities (24). The disparate behavior of mercury and gzllium
is particularly interesting since these both provide well-defined
N ' liquid surfaces; the former has only a small, and the latter & T
large, tendency to bind to the oxygen atom of water (25). The
most likely, albeit not the sole, possibility is that K  and/or
y for the §auo cocplex reductions are cdecrezsed substantially
(Lp to ca 10°-fold) upon substituting more hvérephilic surfaces
for zercury. This observed sensitivity of the aquo complexes
to the surface environrent, &né cthe relaztive lack of such an o

ans

Lo ,
e e d L;J "




TARLE 11 Rate Constants for the Electroreduction of Cr(IIi)
Complexes at -1000 mV vs s.c.e. 2t Various .ietel
Surfaces at 25°C

b .
- Reactent Surface k.. ° . P k ¢ o d
. c:gzbsec'l ob c§°§£c'1 corf
B c:(oaz)63+ Hg 5x1002 0.6l 31073 o.50
3 Ga 8x10-6 0.58 3x10-6 0.50
N Pb 3x2072 0.61 - 1.5x10™0  0.55
- upd Pb  3x10-3 0.55 1.5x1073  0.52
- upd TI  3x107% 0.50 3x10™4 0.50
c:(ox2)5r2+ Hg 2.5x107%  0.58 2.5x107°  0.54
Pb 2x10~% 0.55 1x10~° 0.52
upd Pb  A2x1077 0.55 A1x10™2  AD.55
upd TI  1.5x10"6 0.65 1.0x106 0.6
Cr(08,),050,"  Hg 3.5x107°  0.54 2x10‘2 0.52
Ga ~7x%107 n0.55 A5%x107 30.55
Pb 3x10™> 0.5 2.5%107° =0.5
upd Pb  5%1075 0.5 3x10~> 0.5
cr (¥H,) > Hg 251072 0.84 4x107%  0.75
: Ga = A2x1074 0.8 1.5x10°% =0.7
Pb 6210~6 0.76 1.5%106 0.7
upd Pb  2.5x10% 0.78 7x1072 0.70
upd T1 8x10"> 0.70 7x10~> 0.65

aObserved rate constant for one-electron electroreduction of
complex at electrode potentizl E = -1000 mV at metal surface
listed; electrolyte was 0.5 M NaCl0, + 3 oM HCl0,, except for

Cr(NH3)63+ reduction which was measured in 40 mlf La(C104)3 +
3 md HClOA.

bObserved transfer coefficient, determined from ¢_, = ~(RT/F)

(61nk_, /dE). °b

CRate constant at -1000 mV corrected for electrostatic work terms
determined from listed value of k

o using Eq. 4; required values
of the diffuse-layer poteatial ¢r Betermined 2s noted.in ref.
24,

Srransfer coefficient corrected for electrostatic work terms(24).

-
=9




14
b
b
ﬁ effect for Cr(NH3)63* reduction, may well be associzted with

. the especizlly strong hycrogen bonding between escuc ligends zné
surrounding water molecules (27). Approach of such aquo

rezctants to hvdrophilic metal surfazces may necessitate distur-
bance of this secondary solvation since the electrode will tend
to crient water molecules so to impede solvztion of nearby
reactant cations.

The likelihood that the hydrophilic surfaces induce sub-
stantial perturbations upon the interfacial reactant solvation
is supported by the decreases in the activation enthzlpies, 2H*,
that accompanying decreases in K.y, (24). Moreover, the 34
observed rate constants and &activation parameters for Cr(032)6
" , reduction at mercury electrodes zre substantially closer to the
P nuperical predictions obtained from the above rate formalisms

than those observed at the hydrophilic surfazces (12,24). This
further indicates that the mercury surface provides an relatively
"nonperturbing' environment for aquo reactants. The distinctly
different behavior exhibited by reactions involving otherwise-
; similar aquo and ammine (and ethylenediamine) reactants is

broadly speaking consistent with the distinctly weaker hvdration
of the latter. The former can usefully be regarded 2s "surface-
structure sensitive' processes, associated with strong equo ligand-
4 solvent interactions. The weaker solvent interactions experienced
ﬁi by the ammine reactants lead to substantizl deviztions from

7

"norzal" outer-sphere behavior 2t the weakly scolvated mercury

‘surfzce, which nonetheless appear to be relatively insensitive
to the surface hydrophilicity.

Another series of systems that illustrate the ligand-
dependent influences of interfacial solvation upon electrochemi-
cel kinetics at the mercury-aqueous interface is provided by 24
examinations of the electroreduction kinetics of Co II(NH3)5L

complexes, where L is a2 carboxylate ligand contzining a variety
‘of organic substituents that nonetheless lack a surface binding
~group (28). Llarge (up to 10%-fold) veriations in ke at a
given electrode potential are observed as L is varied, even
‘though similar reactivities are observed for the homogeneous
reduction of 2ll these complexes by the outer-sphere reductant
Ru(NH3)62+ (28). Generally, k., ,, increases as the "hydrophobic"
nature of L is increased, especiaily when 1 contzins one or more
aromatic rings, suggesting that the cross-sectional reactant
concentration at the interface, and hence K,, increases as the
strength of reactant-solvent interactions cdecreazses. On the
other hand, closely similar values of kco r 2re observed for all
tr.ese reactions at the mercury—dimethylsu{:oxiée interface. This ‘r

ezgzin demonstrates the predominance of 'normel' outer-sphere
pathwzays, at least for cationic reactants, in this more strongly
sclvezing mediun. -




Regardless of the physical detzils, it seems clezr that the
nzture of the interfacizl envircnment cen vield significant end
even substantial influences upon the rezction energetics of
ostensibly outer-sphere electrode rezctions in zqueous solution.
Generally speaking, large deviztions from the reactivities
expected for normal outer-sphere pathways occur when the
reactant-solvent interactions zre relatively weak, even for s
reactants not expected to replace the inner-laver solvent- . —
molecules. This circumstancé may encompass the large majority e

E
t

of electrode reactions involving cationic inorganic reactants in
aqueous solution, as well as for anionic species which often
proceed via adsorbed transition states under these conditions.

-
IV. Solvent Relaxation Dynamics b
As is conventional, we have a2ssumed so far that the
frequency factor of the electron-transfer step is independent of
the surrounding solvent. On the basis of the encounter pre- o]

equilibrium formulation.[Eqs. 1 or 5], the frequency for .
adiabatic pathways (kgy ~ 1) is identified with Vgpe On the basis -
of the transition-state treatment (TST), vy can be expressed as o
a2 weighted mean of the characteristic inner-shell znd outer- '
shell (solveant) frequencies, Vig and V g 38 (1,29)

vz e vz cx \1/2 -
v = oS os is “is Eq. 9 ) :
% % * .
n AGos + AGis
Since it is commonly presumed that v, << Vig» €ven when 8G}_ <
8G%. the overall frequency factor is anticipated to commonly be .
dominated by vig rather tham by v, . Recent theoretical -

treatments, however, suggest instead that the dynamics of
solvent reorganization may play an important role in the kinetics

. of outer-sphere electron-transfer reactions, at least when the

inner-shell barrier is small (30,31). We now briefly surmarize

the resulting relationships, and utilize them to examine the
solvent-dependent electrochemical exchange kinetics for some o
metallocene redox couples.

It has been pointed out that the effective value of v.. can
often be determined by the so-called longitudinal (or "constant
charge') solvent relaxation time, 7y (30,31). This quantity is
related to the experimentzl Debye relaxation time, TD,.obtained
from dielectric loss measurements using

L= (CG/ES)TD Eq. 10




where €_ is the hlgh—freauenc3 solvent dielectric comstent. For
soivents where T2 10712 sec » vog 1is dominzted by the solvezt
reiaxation frequency, v, such that for electron-exchange
rezctions (i.e., when the free-energy driving force is zero)

(30,31):
* 1l/2
vL = 7T -1 5525— / Eq. 11
os L 4nkBT )

where k is the Bgltzmann constant. Since 1g typicelly fells in
the tange ca 10711 to 2 x 10713 gec for common electrochemical
solveg&s (32), when AG* A 5 keal mol~l ‘gs will lie in the range
ca 1041 to 3 x 1032 sec 1 Since v,;_. for systems 1nvolv1n§ metel
ligand vibrations will typically be close to 1 x 1013 sec
generally Vos S ‘V4g+ It is important to note, however, that in
contrast to Eq. 9 which refers to the rate of barrier crossing,
Eq. 11 describes deviations from TST where v_. is ccntrolled by
the rate of approaching the barrier for associated with slow
solvent relaxation. Consequently, vgo will tend to dominate v,
when v%s << vyg; i.e. the glowest activation mode controls the
effective frequency factor. This is the opposite result to that
anticipated from TST (33). For rapidly relaxing solvents, when
Vgs $ 1074 sec™™, the effective outer-shell frequency can be
controlled partly by solvent rotation, i.e., 'solvent inertial"
effects (30). Approximate exgressions are azvailable with which

to estimate this frequency, Vos» Which corresponds to the TST
limit (30).

L Similarly to the TST limit, the relative contributions of
Vgg 2nd V4 to VQ will be weighted according to the relative
magnitudes of AGos and 4G}, to the overall barrier height,
altnough Eq. 9 is mno 1onger appropriate. The circumstance

Vog - Vp is anticipated to hold for exchange reactions when
approximately (34)

1/2 - -
int Vg eap(-Acgs/kBT) 21

(AG* /AG L 1 Eq. 12

For the typ;&sl values AG¥,, = 5 keal mol-l, vig = 1x 1043 sec™?,
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< 5 x 1074 sec, this inequality will hold whem 4G%_ < 1
kcal mol=l, This last condition is expected to be the case for
a variety of redox couples where the bond distortions required
for electron transfer are relatively small (e.g., aromatic
molecule-anion, transition-metal couples containing arematic
ligands). We therefore expect that for such "rzpid" electron-
exchange systems the effective frequency factor will be
deternined by solvent reorientation.

L
Since 7p 2nd hence v, can vary greatly (ca 50 folé) with
tre solvent size and intermolecular structure, thie circumstance

et o
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can provide a2 large and even dominent influence on the soclvent
cepencence of k.,py+ We have evzluzted stanczrd electrochermical
rate constants as a function of solvent at mercury electrodes
for several ?ationic metazllocene couples having the general
forz M(Cp),*T/° or H(Cp')2+/°, where ) = Fe, Mn, Co, Cp = cyvelo-
pen:adienyf, and Cp' = pentazmethylcyclopentadienyl (32,35).

These couples have several important virtues for such fundamental
exaninerions of solvent effects. In particular, only smell
changes (s 0.04 X) in the metal-ring bond distances accompany
electron transfer (36); together with corresponding Raman
vibrational data these yield small yet varying inner-shell
barriers, 8G*_(int) ~ C.025 to 0.25 kcal mol™*. Nevertheless,
the relativei? small size of the complexes (a = 3.5 - 4 3) yields
sufficiently large AG%¢ (int) values so that_ the kgb values are
-conveniently measureable (ca 0.1 - 2 em sec’l) using a.c.
polazrography. 1In addition, the formal potentizls E; can be
varied between 0 and -1.5 V vs s.c.e. by altering the metal and
substituting methyl groups on the cyclopentadienyl rings. The
magnitude of the electrostatic double-layer corrections appears
to be small under most conditions, so that kS = kiorr (35).

Tzble III contains values of k§, for two represemtative

metallocene couples, Fe(Cp')7+/° and Co(Cp)2+/°, together with
data for the closely related dibenzenechromium couple, Cr(C636);f°
in eight nonaqueous solvents; acetonitrile (ACN), acetone, methy-
lene chloride (CBZC12)3 formamide, N-methylformemide (NMF), N,N-
dimethylformamide (DMF), dimethylsulfoxide (DMSO) and benzonitrile
(CcHsCN) . These solvents were chosen not only for their suita-
biiity for electrochemical meazsurements but also because of the
wide variations between the values of 1,, and hence v%s obfsined 1
from Eqs. 10 and 11. These vy, Values vaty from 4.5 x 10°° sec”
in acetonitrile to 1.3 x 1011 sec=l in benzonitrile.

To the left of the experimental kgb values are listed two
sets of calculated rate constants, k . The first set,
labelled "Eq. 9", were obtained usingang. 5 by caleulating v,
from Eq. 9, assuming that v;, >> v,., and 8G¥_(int) = 0.2 keal
mol-l (a typical value for the reactants considered here (32,35)).
(Other calculational details are given in the footnotes to
Teble 111 and in refs. 32 and 35.) Since the frequency factor
using this approach will be solvent independent, the resulting
solvent dependence of x5 arises entirely from the predicted
variations in the outer8hE11 barrier, 2Gjg(int), obtained from
Eq. 6. Comparison between the values of k3, and k2230 -(Eq. 9)
shows that whereas rough agreement is seen in some solvents, the
lztter entirely fail to zccount for the cbserved solvent depen-
dence of k§y, the ca 13-fold <necrecseé in k&3 from acetonitrile
to benzeonitrile contrasting the observed cea 3-5 fcld decrecses

Tl
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TABLE 111 Comperison between Calculated end Experimentzl Rate
Constants (cm sec ~) for Electrochemicel Exchenge &t

Mercury-Nonaqueous Interfaces at 23°C —
Calculated Rate Observed Rate Constants, kgbc
Constaents, kcalc
Solvent (£q. 9)°  (Eq. 11)° Fe(Cp'%/° c::(Cp)';/ ° Cr(C6H6);/°
ACN 0.30 1.6 | 1.0 1.8 "
Acetone 0.55 2.0 2.2 0.95 1.2
C32C12 4.0 10 0.45 0.25 0.45
Formamide 0.9 0.38 V.19 0.17
} NMF 0.7 0.20 0.45 0.32 0.40
& . DMF 1.0 _  0.60 0.8 0.38 0.55
‘ iSO 2.5 0.7 0.25 0.15 0.11 .
‘ C6HSCN 4.2 0.065 0.45 0.32 0.3

8grandard rate constant (cm sec_ ) calculated from Eq. 5, with

’ AGEg(int) = 0, AGA (int) from Eq. 6 with 2 = 3.8 X, R=se, T =
‘i 1, Kokey = 0. 6 s vn obtained from Eq. 9, with 8G§g(int) = 0. P .
kcal mol’l vig = 6 x 1012 ec~l, and Vos << Vyg (see text).

bAs footnote 2, but with v, set equal to Vos obtained from Eq. 1l
using literzture dielectric loss data (see refs. 32,35).

CObserved rate constant (em sec-l) obtained for stated redox
couple in solvent indicated, containing 0.1 } TBAP. Cp =
cyclopentadienyl; Cp' = pentamethylcvclopentedienyl.
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The second set of kz jc Values in Table III, labelled "Eq.
11" were obtained using tne same procedure as the first set, but
with v, estipated instead by equating it with vE_ obtained from
‘Eq. 11. [This condition v, 3 % is predicted for the present
systems from Eq. 12.) In contrast to k (Eq 8), these latter
calculated values not only approximate the kob values in most -
‘solvents, buc also correctly mimic the observed solvent cdepen- ——
dence of kgb (the sole exception is the data in methylene
chloride). Such reasonmable agreement between experiment and
the theoretical predictions also extends to the electrochemical
activation parameters (35).

It is interesting to note that, broadly speaking, as €,
increases [and hence 4G} (int) decreases] in & series of solvents
(such &s those in Table I1I), znd hence Vos C€R id to decrease
Consequently, the solvent depenéence 0f the free-energy barrier
ané relezxation dynamics associated with outer-shell reorgeniza~-
tion tend to offset each other. This circumstance can account
botk for the otherwise-perplexing scivent independence of enchange




kinetics for some systems (37) as well zs solvent-dependent rzte
ratios that zre opposite from the expecteztions of the conven-
ticnel theoreticel treatment. (Fer example, velues of k%, in
acetcnicrile azre often observed to be lerger than in Diff, despite
the greater values of Acgs(int) in the former solvent.) Most
importantly, the present evidence suggests that the dielectric
continuux model can provide a reasonable representztion of the )
reaction energetics, at least for reactants (such as metallocenes)
that interact nonspecifically with the surrounding solvent,
providing that the role of the solvent in the preexponential as
well as the exponential factor (free-energy barrier) is taken
into account. Nevertheless, according to Eq. 12 the former
should be limited to reactants having relatively smzll inner~

. B shell barriers. 1f feasible, it would be most interesting to

exazine solvent-dependent exchange kinetics for a series of
structurally related redox couples having inner-shell barriers
3 that_could be varied over the range, szv, from zero to 2 kcal

mol™~ where the circumstance v, ® vy should give wey to
Vo = Vi -

V. Conclbding Remarks

The foregoing provides several lines of evidence that
indicate that the chemical nature of the solvent cen yield
impertant influences on electron-transfer kinetics even for
outer-sphere electrochemical reactions where the inner-shell
barrier is held constant. Several other types of experiments,
for example those involving mixed solvents with preferential
solvation of the surface and/or the reacting species, also
lead to the same general conclusions. The theoretical formalisms
utilized here, especially the dielectric continuum solvent model,
should be used with caution in view of the simplifying
assumptions involved. Nonetheless, the observed large
.sensitivities of the electrochemical rate data to the solvent
medium can be satisfyingly rationalized, at least semiquantita-
tively, in terms of these models.

As noted at the outset, our fundzwental understanding of )
solvent effects in electrochemical and other electron-transfer N
Teactions remains rudimentary. However, the renaissance of
theoretical activity in condensed-phase reaction dynamics (38) |
together with further critical experimental work should provide e

fresh insight into the role of the solvating environment for
electron-transfer reactions in the near future.
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